Rapid throughput analysis of GABAA receptor subtype modulators and blockers using DiSBAC1(3) membrane potential red dye The FMP-Red-Dye-based assay described here provides a sensitive and quantitative method of assessing the activity of GABA A R agonists, antagonists and PAMs on diverse GABA A R isoforms. The assay has a wide range of applications, including screening for antiseizure agents and identifying channel blockers of interest to insecticide discovery or biosecurity.
INTRODUCTION
GABA A receptors (GABA A R) are ligand-gated anion channels that mediate inhibition in the mammalian central nervous system by responding to the neurotransmitter g-aminobutyric acid (GABA) (Barnard et al., 1998) .GABA A R dysfunctions are associated with epilepsy, autism, fragile X syndrome, depression and schizophrenia (Braat and Kooy, 2015; Rudolph and Möhler, 2014; Stafstrom et al., 2012; Verkman and Galietta, 2009) . GABA A R are also the primary toxicological targets of several current use insecticides (e.g., fipronil) and pesticides of historical importance that persist in the environment (e.g., organochlorines) (Casida and Durkin, 2015) .
Importantly, GABA A R are a major pharmacological target for antiseizure drugs (Brodie et al., 2016) .
GABA A R are pentameric anion channels composed of two α subunits, two β subunits and one subunit, which is designated γ, δ, ε, θ, or π. There are multiple isoforms of many of the subunits, six for α, three for β, and three for γ, allowing for a high degree of variation depending on brain region and developmental stage. Most synaptic GABA A R contain two α, two β subunits and one γ2 subunit, have a relatively low affinity for GABA and mediate fast phasic inhibition (Brickley and Mody, 2012; Rissman and Mobley, 2011) . In contrast, extrasynaptic GABA A R often contain a δ subunit, have a higher affinity for GABA and mediate persistent tonic inhibition (Belelli et al., 2009; Bettler and Tiao, 2006; Brickley and Mody, 2012) . In addition to the endogenous neurotransmitter, GABA, which binds to the interface of α and β subunits, GABA A R possess binding sites for neuroactive steroids (NAS), benzodiazepines, and barbiturates that allosterically enhance GABA-activated Cl -conductance and in some instances activate Cl -conductance in the absence of GABA, thereby exerting anxiolytic, sedative, and antiseizure effects that are useful for treating anxiety and sleep disorders, epilepsy, as well as
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5 serving as general anesthetics (Belelli et al., 2009; Belelli and Lambert, 2005; Herd et al., 2007) .
The benzodiazepine binding site is localized between the α and γ subunits, whereas NAS are known to have two binding sites, a potentiation site on the a subunit and a direct activator site in the a/b interface, both of which need to be occupied for potent channel activation (Akabas, 2004; Alvarez and Estrin, 2015; Campagna-Slater and Weaver, 2007; Hosie et al., 2007) .
Although the precise site(s) to which barbiturates bind remain elusive, domains within b subunit transmembrane segments TM2 and TM3 appear to be critical (Loscher and Rogawski, 2012) .
Interestingly, β3 subunits reconstitute a homopentameric channel that possesses NAS binding sites (Chen et al., 2012; Miller and Aricescu, 2014; Alvarez and Estrin, 2015) .
Considering the utility of GABA A R as therapeutic targets, there is substantial interest in the identification of improved GABA A R modulators. A suitable high-throughput screening method would significantly aid in the identification of such agents. One potential method to assess GABA A R function in a high-throughput manner uses the Fluorometric Imaging Plate
Reader (FLIPR) membrane potential dye FMP-Red-Dye that redistributes across the plasma membrane in a voltage-dependent manner. Cell depolarization results in dye movement into the cell and binding to intracellular proteins and hydrophobic sites causing increased florescence signals and vice-versa occurs for hyperpolarization. Thus, FMP-Red-Dye allows monitoring of membrane potential changes in a bidirectional fashion independent of ion type. FMP-Red-Dye is convenient in that it does not require cells to be washed of excess dye after equilibration due to inclusion of a proprietary cell membrane impermeant red wavelength quencher, which results in a high signal-to-noise ratio (Fairless et al., 2013) . Mennerick et al. reported that many voltagesensitive dyes such as Di-4-ANEPPS and DiBAC 4 (3) can directly activate and/or potentiate GABA A R currents in a manner similar to NAS and barbiturates (Mennerick et al., 2010) , questioning their usefulness for screening GABA A R ligands. A previous study reported that Mol #108563 6 FMP-Red-Dye had a better performance than FMP-Blue-Dye, and that it produced results comparable to electrophysiology (Joesch et al., 2008) . However, the chemical identity of FMPRed-Dye is proprietary and the degree to which its constituents might influence GABA A R function and therefore limit the dye's usefulness in characterizing GABA A R modulators has remained unclear.
Here we identify the voltage-sensitive component of FMP-Red-Dye as DiSBAC 1 (3), optimize and validate its use as a rapid throughput indicator of GABA A R activators, blockers and PAMs using FLIPR, and implement the assay to screen a small library of NAS and channel blockers. We show that FMP-Red-Dye can be used to differentiate GABA A R mediated responses in cell lines that stably or transiently express synaptic (α1β3g2), extrasynaptic (α4β3δ), or β3
homomeric GABA A R isoforms. We conclude that the FMP-Red-Dye based assays provide sensitive and quantitative approaches to investigate functional drug effects on GABA A R isoforms, whether they are mediated by binding to the GABA recognition site, the NAS PAM sites, or convulsant channel blocking sites. The assay is useful for antiseizure drug screening and identifying novel channel blockers of interest to insecticide discovery or biosecurity.
MATERIALS AND METHODS

Reagents
Poly-L-lysine, cytosine
MO. GABA A R α 1 β 3 γ 2 heteropentomeric channels primarily localize to synaptic sites in mammalian neurons (McCartney et al., 2007) . The GABA A R-null HEK 293 line, which served as control, was purchased from American Type Culture Collection (ATCC-CRL-1573). Upon arrival both cell lines were expanded in Dulbecco's modified Eagle's medium/Ham's F-12
(50/50 mix), 10% fetal bovine serum (FBS), 1% non-essential amino acid (Invitrogen, Carlsbad, CA) at 37 o C in 5% CO 2 and several bullets frozen to limit passage numbers. Cells expressing α1β3γ2 subunits were kept under selection pressure with 400 µg/mL genticin, 100 µg/mL hygromycin B (Invitrogen) and 0.625 µg/ml puromycin (Clontech). GABA A R null cells were cultured in 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco) to minimize the risk of bacterial contamination. Cell lines were discarded after 15 passages. Cells were passaged when 70-80% confluent and harvested using 0.05% trypsin-EDTA and 50,000-60,000 cells/well (in a volume of 100 µl), seeded into poly-L-lysine-coated wells of a 96-well plate, and allowed to recover in the incubator overnight before FMP-Red-Dye loading and measurements of E m with FLIPR.
A L-tk (mouse connective tissue) cell line expressing the human GABA A R α 4 β 3 δ subunit combination under a dexamethasone inducible promoter was kindly provided by Dr. Trevor Smart (University College, London) (Brown et al., 2002) . The α4β3δ subunit isoform is found at extrasynaptic sites in mammalian brain. The L-tk cell line was cultured in Dulbecco's MEM plus glutamine, 4.5 g/L Na pyruvate and glucose with 10% FBS, in the presence of 1 mg/mL genticin and 0.2 mg/mL zeocin to select α4β3δ positive cells. Dexamethasone (1 µM; Invitrogen) or vehicle was added to the media to induce α4β3δ subunit expression or serve as GABA A R-null cells, respectively, when 80-90% confluent. Cells were induced for 48 hrs, passaged using trypsin-EDTA 0.05%, and plated at 50,000-60,000 cells/well into 96 wells plates, and after 24 hrs recovery loaded with FMP-Red-Dye and membrane potential measured as described below. 
Expression of GABA A R subunits for electrophysiological measurements
The human GABA A R α 1 , β 3 and γ 2 cloned into pcDNA3.1 expression vectors were a gift from Dr. Robert L. Macdonald, Vanderbilt University, TN. Fibroblast L929 cells were cultured in Dulbecco's modified Eagle's medium (Lonza) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Invitrogen) and maintained in humidified 95% air and 5% CO2 air at 37°C. Cells were transfected using FuGENE 6 (Roche) transfection reagent with an equal amount of each of the subunits in combination with pEGFP-C1. The transfection ratio of total cDNA to transfection reagent was 2:1 with equal amounts of α 1 , β 3 , γ 2 cDNA to reconstitute synaptic a 1 b 3 g 2 GABA A R, or β 3 alone to reconstitute homopentamers. Two days post-transfection, cells were plated on glass coverslips and transfected cells were identified using an epifluorescence microscope for electrophysiological measurements.
Electrophysiological recordings from L-tk cells expressing GABA A R α4β3d subunit composition were obtained with culture and induction methods described above.
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Data Analysis
GraphPad Prism software (Version 6) was used for statistical analysis and graphing. EC 50 values were determined using nonlinear regression with a four-parameter logistic equation. (Fig. 1A) . Importantly, inclusion of PTX (1 µM) with dye addition prevented the rise in fluorescence in GABA A R-expressing cells (Fig. 1A) . In contrast, inclusion of GABA (1 µM) with the potentiometric dye caused an instantaneous increase in dye signal (within the 1 Hz resolution of the recording) followed by a more gradual equilibration of fluorescence to a 3-fold greater signal than that achieved in null cells by 30 min (Fig. 1C) . 13 prevented by PTX indicating that it requires functional GABA A receptors. In contrast to the apparent slow activation of GABA A R caused by FMP-Red-Dye, GABA induced a rapid activation of the receptors.
To further verify the accuracy of our interpretation, FMP-Red-Dye was equilibrated for 30 min with α1β3γ2-expressing or GABA A R-null HEK 293 cells and membrane potential recorded in the current clamp mode of the patch-clamp technique. While null HEK cells had a resting membrane potential of -78.6 ± 6.3 mV, which did not significantly change after incubation with FMP-Red-Dye (Fig. 2) , α1β3γ2 expressing HEK 293 cells had a more positive resting membrane potential of -68.8 ± 6.6 mV (P = 0.02), which was depolarized by a further 9 mV to -59.6 ± 6.9 mV (P = 0.03) after incubation with FMP-Red-Dye for 30 min. This depolarization could be prevented by the GABA A R blocker fipronil (Fig. 2) . Interestingly, 10 min of UV irradiation (460-490 nm) induced the previously reported photodynamic effect of voltage-sensitive dyes (Mennerick et al., 2010) , and induced a further depolarization of the α 1 β 3 γ 2 expressing HEK cells to -42.8 ± 10.1 mV (P = 0.002) (Fig. 2) .
The light-dependent influences of FMP-Red-Dye on cells expressing GABA A R isoforms compelled us to determine its chemical identity, which to date has been proprietary information.
The excitation and emission characteristics of the red dye (Ex 470 / Em 580 nm) suggest that the dye is a member of one of two structurally related families of voltage-sensitive dyes, DiBAC and/or DiSBAC. These dyes, which are derivatives of barbituric or thiobarbituric acid (Supplemental Fig. 1A) , may bind at the barbiturate binding sites of GABA A R (Mennerick et al., 2010) . High-resolution mass spectrometry (HRMS) was used to elucidate the molecular identity fluorescence responses to higher concentrations of GABA that were sensitive to PTX (see Fig.   5 ).
Voltage-clamp experiments performed with cells expressing the same subunit compositions used in the FMP-Red-Dye experiments confirmed that the cells expressing α4β3δ
GABA A R were more sensitive to GABA than those expressing α1β3γ2 subunits (P < 0.05; Fig.   3B , right). Comparing results using the two approaches indicated that the FMP-Red-Dye assay was a very sensitive measurement of GABA-triggered depolarization. Regardless, with both experimental approaches α 4 β 3 δ was more sensitive to GABA than α1β3γ2 (7-fold for FMP-RedDye assay and 12-fold for the patch-clamp technique).
Whether FMP-Red-Dye itself was directly responsible for the greater sensitivity to GABA obtained with the fluorescence assay than with the voltage-clamp assay was assessed by repeating the fluorescence experiments with a 2-fold dilution of dye in HEK 293 cells expressing α1β3γ2 (Fig. 3, inset) . Under these conditions, the GABA concentration-effect relationship was shifted to the right such that the EC 50 value (500 nM) was approximately 10-fold higher than with the FMP-Red-Dye dilutions recommended by the supplier (EC 50 , 40 nM). These results suggest that FMP-Red-Dye acting as a PAM enhances the GABA sensitivity of the fluorescence assay. We found that the 2-fold dilution reduced signal-to-noise and dynamic range and that the assay became unreliable with 5-fold dilution. We therefore routinely used FMP-Red-Dye at the dilution recommended by the supplier.
Differential Potencies of Blockers in Cells Expressing Different GABA A R Isoforms
PTX and TETS are seizure-triggering toxicants that inhibit GABA A R Cl -current by binding to overlapping sites within the ion conducting pore of the channel (Adelsberger et al., 1998; Cao et al., 2012; Olsen, 2006) . We sought to demonstrate that the FMP-Red-Dye assay can
This article has not been copyedited and formatted. The final version may differ from this version. subunit combination in a concentration-dependent manner, but had negligible influence on GABA A R-null cells ( Fig. 4; Table 1 ). TETS was slightly more potent than PTX (IC 50 values, 3.8 ± 1.1 µM and 6.5 ± 1.5 µM, respectively; P < 0.0001). Two additional allosteric blockers were tested, TBPS and the insecticide fipronil, and shown to have similar potencies to that of TETS (IC 50 values, 1.8 ± 1.2 and 2.6 ± 1.1 µM, respectively). The GABA A R competitive antagonist bicuculline was approximately 20-times more potent than TBPS (IC 50 value, 0.1 ± 0.1 µM; P < 0.0001), although its efficacy at reducing fluorescence to that in GABA A R-null cells was less complete at the highest concentration tested (10 µM, not shown).
L-tk cells expressing α 4 β 3 δ subunits showed a distinct structure-activity relationship (SAR) with the blockers. Although the inhibitory potency of PTX was similar to that in cells expressing α1β3γ2 (IC 50 values, 6.0 ± 1.0 µM vs. 6.5 ± 1.5 µM; P > 0.31), TETS was 2-fold less potent and TBPS and fipronil were nearly 200-and 10-fold more potent at the α4β3δ isoform than at the α1β3γ2 isoform ( Table 1) .
The divergent potencies exhibited by inhibitors towards cells expressing different GABA A R isoforms compelled us to determine responses of cells expressing only the b3 subunit, which forms homopentamers that lack high-affinity GABA binding. HEK 293 cells expressing the b3 homomeric isoform exhibited substantially greater fluorescence than the respective GABA A R-null cells (Fig. 5A) as was the case for the α1β3γ2 isoform (Fig. 4) , suggesting that FMP-Red-Dye is able to activate b3 homomeric GABA A R as it does the other isoforms. PTX caused a concentration-dependent inhibition of fluorescence ( Fig. 5C and D concentrations below 1 mM (Fig. 5B) , but as in previous voltage-clamp studies (Wooltorton et al., 1997) they did appear to be activated by high (>10 mM) GABA concentrations. Figure 6A showed that hyperpolarization produced by fipronil was also concentration dependent with fipronil being approximately 10-and 50-fold more potent at restoring E m to levels near those measured with GABA A R-null HEK 293 cells than PTX or TETS ( Table 1) .
Detection of Direct Activation and PAM Activity in GABA A R Isoforms
Neuroactive steroids (NAS) have been shown to have GABA A R PAM activity at low concentrations and to directly activate GABA A R at higher concentrations (Belelli and Lambert, 2005; Wang, 2011) . Twenty NAS and related structures were tested for activity on GABA A R in the FMP-Red-Dye assay with heterologous cells expressing α1β3γ2, α4β3δ or β3 homomeric isoforms, and the potency and efficacy of active compounds quantified ( Figs. 7 and 8 ; Table 2 ).
Several NAS caused concentration-dependent increases in fluorescence in cells expressing the α1β3γ2 and α4β3δ isoforms with EC 50 values below 1 µM whereas the respective GABA A R-null cells failed to respond to any NAS. The rank order of potencies (based on EC 50 values) in cells expressing the α1β3γ2 isoform was: allopregnanolone ~ eltanolone ~ XJ-42 > ganaxolone ~ 5b,3a-THDOC ~ alphaxalone > alphadolone 21-acetate >> andosterone. Of these, 5b,3a-THDOC and alphadolone 21-acetate showed significantly (P < 0.001) lower efficacy (maximum ΔF/F 0 ) than the other active NAS ( Table 2) . By contrast, cells expressing the α4β3δ isoform showed a different rank order of potencies: eltanolone > allopregnanolone > ganaxolone ~ 5b,3a-THDOC ~ XJ-42 ~ alphaxalone >> alphadolone 21-acetate > androsterone. XJ-42 exhibited significantly greater maximal efficacy in cells expressing α4β3δ (P < 0.007) than the other active NAS whereas 5b,3a-THDOC had significantly lower efficacy (Fig 7E and 8E ; Table 2 ). Overall, with the exception of eltanolone, all active NAS were modestly more potent on α1β3γ2 than α4β3δ (P < 0.0038). In contrast to other isoforms, b3 homopentameric channels were insensitive to allopregnanolone (Fig. 6B) and in general to all NAS tested (not shown).
We next tested whether the FMP-Red-Dye assay is able to detect the PAM activity of NAS and exposed cells to a low, submaximal concentration of GABA (10 nM Finally, we tested whether the FMP-Red-Dye assay could detect direct or PAM effects of the benzodiazepine midazolam (MDZ). In the absence of GABA, midazolam failed to substantially enhance the fluorescence signal in HEK 293 cells expressing the α 1 β 3 γ 2 isoform at concentrations £1 µM although at higher concentrations a small signal was elicited (Fig. 10) . In the presence of suboptimal GABA (10 nM), midazolam caused a concentration-dependent increase in fluorescence signal with EC 50 value of 51 ± 12 nM (Fig. 10) .
DISCUSSION
The present results demonstrate that FMP-Red-Dye, which contains the fluorescent voltagesensor DiSBAC 1 (3), can be used with the FLIPR platform to characterize a wide range of GABA A R blockers and modulators in heterologously expressed recombinant GABA A R. It is noteworthy that in both the potentiometric and voltage-clamp assays, GABA was ~10-fold more potent as an activator of the extrasynaptic subunit combination a4b3d than of the synaptic subunit combination a1b3g2, while b3 homopentamers were insensitive to GABA (£1 mM). These differences in GABA sensitivity are in accord with previous reports ( 2014) selectively target major extrasynaptic GABA A R within the mammalian central nervous system, albeit with TBPS having 25-fold higher potency than fipronil (see Table 1 ). We also note that fipronil is substantially more potent than either PTX or TETS (10-fold and 50-fold, respectively) towards b3 homopentamers, as previously demonstrated in receptor binding studies (Chen et al., 2006; Zhao et al., 2014) . The findings identifying differential potencies of blockers towards synaptic and extrasynaptic GABA A R subunit combinations could help explain outstanding questions with respect to toxicological mechanisms, including the pharmacodynamic basis for the different seizure-inducing potencies of different GABA A R blockers. In addition, if it is the case that TBPS and fipronil are generally more active at extrasynaptic GABA A R subunit combinations, these agents may be useful as pharmacological tools for selectively blocking these receptors. The competitive GABA A R antagonist bicuculline was the most potent blocker of the a1b3g2 isoform that we studied. However, it failed to completely reduce the fluorescence to that in GABA A R-null cells, a result fully in accord with previous voltage-clamp studies where high concentrations of bicuculline fully block GABA activated Cl -current but not barbiturateactivated current (Rho et al., 1996) . Interestingly, bicuculline exhibited the opposite relative selectivity to that of TBPS and fipronil inasmuch as the a4b3d isoform was less sensitive than the a1b3g2 isoform.
The FMP-Red-Dye potentiometric assay proved to be an excellent system for characterizing both the directly activating and the PAM effects of NAS. Of 20 NAS tested, only 8 activated GABA A R with potencies (EC 50 values) below 1 µM ( Table 2 ). In general, the SAR that emerges from the FMP-Red-Dye assay is consistent with previous reports in the literature (Kokate et al., 1994; Akk et al., 2007; Borowicz et al., 2011; Wang, 2011; Reddy and Rogawski, 2012) . Both synaptic and extrasynaptic GABA A R subtypes respond to NAS (Bianchi and Macdonald, 2003; Maksay et al., 2000) . In general, we found comparable potencies (EC 50 values) and efficacies (ΔF/F 0 values) of the active steroids at the synaptic α1β3γ2 isoform and the extrasynaptic α4β3δ isoform. In contrast to the other active steroids which all had similar maximal efficacies, XJ-42, a pentacyclic analog of allopregnanolone with a 17,18-fused carbonitrile-substituted 6-member carbocyclic ring, had substantially greater efficacy although its potency was in line with that of the other active steroids. This observation indicates that modifications that replace the 17-acetyl group of allopreganolone can enhance neuroactive steroid efficacy, which may provide therapeutic advantages. In addition to directly activating GABA A R, at low concentrations, NAS act as PAMs to enhance the action of GABA (Kokate et al., 1994) . The FMP-Red-Dye assay is able to demonstrate such an effect as illustrated in Fig.   9A , which compares the PAM activity of allopregnanolone and ganaxolone, two exemplary NAS currently under clinical investigation (Reddy and Rogawski, 2012) . In experiments with the synaptic a1b3g2 combination, both steroids exhibit substantial PAM activity in the FMP-RedDye assay, with allopregnanolone demonstrating modestly greater potency than ganaxolone.
Similar relative potencies are obtained in patch-clamp recordings ( Fig. 9B ; see also, Carter et al., 1997) . Because of the heightened sensitivity to GABA due to the influence of FMP-Red-Dye, the PAM activity of NAS was measured in the presence of a low concentration GABA (10 nM), to prevent saturation evident even at 100 nM GABA (Supplemental Fig. 3 ). Under these conditions, the FMP-Red-Dye assay generates EC 50 and fold-increase values that indicate substantially greater potency and efficacy than obtained with electrophysiological methods, but the relative potencies are consistent with previous reports using receptor binding and electrophysiological methods (Carter et al., 1997) . 23 channel pore sites, and is useful not only for discovery of antiseizure drugs, but also for identifying novel channel blockers of interest to insecticide discovery or biosecurity.
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Dose-response curves were plotted using nonlinear regression with a four-parameter logistic equation and independent F test was applied to determine the statistical differences for EC 50 values and slopes between allopregnanolone and ganaxolone in combination with 10 nM GABA in α1β3γ2 GABA A R in HEK 293 cells. Inset shows representative traces with addition of GABA alone and GABA plus allopregnanolone at concentrations of 1 nM and 10 nM. (B) Concentration-response curves for allopregnanolone and ganaxolone potentiation of peak inward Cl -current responses to 1 µM GABA (EC 10 value) in patch- In Table 2 , dose-response curves were fit by nonlinear regression with a four-parameter logistic equation. Statistical differences among EC 50 and maximum ΔF/F0 values were assessed independently by one-way ANOVA with post-hoc pairwise comparisons using Tukey's HSD test. On α1β3γ2 GABAA receptors eltanolone with IC 50 value of 8 nM and maximum of 0.17 is the most potent and efficacious compound. Although on α4β3δ GABAA receptors eltanolone with IC 50 value of 6 nM is the most potent compound, XJ-42 with maximum of 0.41 is the most efficacious compound. Each data point represents the mean (with 95% confidence interval in parenthesis) of measurements in 10 wells. * P value <0.001 when comparing IC 50 values or maximum of compounds within each receptor isoform. Figures   Figure 1 
